Photoluminescence (PL), reflectivity and thermally-detected optical absorption (TDOA) experiments have been camed out, at liquid helium temperatures, on In0.35Ga0.65As/GaAs quantum wells (QWs) with different thicknesses of 4,6,8 and 10 monolayers (MLs), grown by molecular beam epitaxy (MBE) on substrates oriented exactly on (100) (nominal growth) or misoriented by 4" or 6" towards (1 1 (vicinal growth). Indium segregation effects are considered in the comparison of the calculated fundamental (elhhl) transition energies of the QWs with the experimental results. Within the framework of a simple model, a segregation energy of 0.35 eV is used to fit the experimental data. It is shown that the misorientation improves the optical properties of QWs: diminution of the spectral broadenings and reduction of the blue shift between reflectivity structures or TDOA peaks and luminescence lines. This suggests a better quality of the interfaces and an improvement of the strain homogeneity. A step edge effect on the hndamental transition energy of the 6 and 8 ML quantum wells is shown but the blue shift observed for a growth on a 4" off misoriented surface can also be due to a modification of the growth mode.
Introduction
It is known that the growth of strained (In,Ga)As layers on a misoriented GaAs substrate improves their structural or optical properties such as the reduction of the strain inhomogeneity and composition fluctuations or the diminution of the emission linewidths [I] . The surface segregation of In, which occurs during the growth of (In,Ga)As quantum wells (QWs) by molecular beam epitaxy (MBE), modifies the In concentration profile of the well and has to be taken into account to compare the calculated transition energies with those deduced from spectroscopy experiments [2, 3] . Moreover, it has been shown that the degradation of the optical properties of MBE grown (In,Ga)AdGaAs QW's is correlated with the strain-induced 2D-3D growth mode transition 141. In this work, the effects of In segregation and substrate misorientation on the optical properties of MBE grown In0.35Ga0.65AdGaAs QWs are investigated. The influence of the misorientated surface on the growth process and on the energy levels of the wells is discussed through the experimental results.
Growth and experimental details
The In0.3=jGa0.65As/GaAs quantum wells have been grown by molecular beam epitaxy at a growth temperature (TpOd) of 540°C on n+ doped GaAs substrates oriented in the exact (001) plane (nominal growth) or misoriented by 4" or 6" towards (1 1 (vicinal growth). Two series of QWs with thickness between 2 and 10 monolayers (MLs) were achieved by introducing simultaneously exactly oriented and misoriented substrates in the MBE system.
Reflectivity and photoluminescence (PL) experiments have been performed at 2K. Thermallydetected optical absorption (TDOA) has been carried out at 0.35K 151. It must be recalled that, in this non conventional technique, the non radiative de-excitation is observed via the heating of the sample 161.
Low temperature photoluminescence spectra
Photoluminescence spectra of 4,6,8 and 10 ML quantum wells grown in a first run on nominal (sample 978) and 4" and 6" misoriented substrates (samples 98 1 and 983) are displayed in figure 1 . The luminescence of the 4 ML QW is absent in the spectra. In order to avoid any confusion 
Reflectivity and TDOA spectra
Reflectivity and TDOA spectra with the corresponding PL spectrum of two samples grown in a second run are shown in figure 3 . Five quantum wells of 2, 4, 6, 8 and 10 ML thickness were grown on nominal and 4" off misoriented substrates (samples 943 and 949). Since the luminescence of the thinnest QW is not detected, as in the first set of samples, it will not be the subject of the discussion. In agreement with the luminescence, the reflectivity structures are narrower for the QWs grown on vicinal surface than in the nominal case; this indicates a better quality of the interfaces. Moreover, for the two samples, the degradation of the interfaces with the increase of the QW thickness induces a broadening and a weakening of the reflectivity structures so that the reflectivity of the 8 MLs QW (nominal growth) is not detected. It has to be noted that the PL peaks lie at lower energy than the energy positions of the reflectivity and TDOA structures. This is due to the localisation of excitons on low energy states within the well. Table 1 gives the blue shift between TDOA and photoluminescence together with the FWHM of the of PL lines. The linewidth and the energy of the peaks depend slightly upon the excitation intensity and are also given for a laser intensity of approximately 10W.m-2 (P=40 mW).
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WAVELENGTH (pm) Fig. 3 : PL, reflectivity and TDOA spectra of sampIes from the second run. and PL linewidths under an excitation intensity of about 10W.~m-~.
Discussion
When a reasonable agreement is found between PL data and calculations for QW thicknesses between 4 to 8 MLs, the luminescence energy drops for the 10 ML quantum well and a double structure appears in the vicinal growth case (figure 2). A first possible explanation is to consider the strain relaxation process of the wider well which induces a diminution of the transition energy together with a broadenning of the PL line. The two broad peaks related to misoriented samples are then explained by the existence of regions completely relaxed and partially strained. However, the presence of dislocations which release the strain induces a decrease of the emission intensity. It is not the case in all the investigated samples where the integrated intensity of the 10 ML QW is greater than the intensity of the others. On the other hand, transmission electron microscopy (TEM) analyses have revealed that, on similar samples, dislocations appear only up to about 22 MLs 171. Consequently, it must be concluded that the high energy peak corresponds roughly to the nominal thickness of the well (10 MLs) and that the low energy band emission comes from islands of 14-16 ML thickness deduced from the calculated curve. As no significant change in the relative PL intensity of the two lines occurs under various excitation intensities, the density of islands appears to be comparable to the density of nominal thickness regions. Considering more generally the whole set of the grown wells, it can be concluded that the use of misoriented substrates limits the degradation of the optical properties which begins to appear for a thickness of 8 MLs in the case of nominal growth. The similar behaviour of the 4" off and 6" off samples does not allow to deduce an optimal angle for the misorientation. From a growth point of view, the island formation proves that the growth mode is tri-dimensional (3D). The PL data enable to consider that the two-dimensional (2D) growth mode of In0.35Ga0.65As on GaAs persists up to 8 MLs. This result is in agreement with the determination of the 2D-3D growth mode transition threshold deduced from reflection high energy electron diffraction (RHEED) experiments carried out during the epitaxy on a nominal surface [4] . However, the misorientation seems to slightly increase the threshold. A qualitative explanation can be found by comparing the diffusion length of the adatoms on the surface with the length of the terraces induced by the misorientation. If the diffusion length is greater than the terrace length, the atoms can diffuse to the step edge and then contribute to a 2D growth even if the conditions of such a growth mode are not favorable. Before the 2D-3D growth mode transition, the better control of the 2D growth mode induced by the terraces leads to a weaker roughness of the interfaces and to a better homogeneity of the strain. The effect on the optical properties is a reduction in the spectral broadening of the PL lines or reflectivity and TDOA structures.
The effect of the step on the energy of the electronic states of the well within the assumption of an ideal well is now considered. At the edge of the step, the strain state of the well cannot be described by a biaxial deformation and the local deformation of the bamer material (GaAs) has to be evaluated in order to quantify accurately the energies of the levels near the step edge of the quantum well via deformation potential theory. Moreover, it has been stressed that in the well-known GaAd(Ga,Al)As system a thickness discontinuity of one monolayer exists at the step edge if a regular array of steps at the two interfaces of the QW is considered and a simple approach has been proposed to evaluate the blue shift of the fundamental transition 181. The local perturbation at the step edge, compared with the large lateral exciton extension (=loo&, suggests that the energy shift is small. It seems that the absorption line energy of 4 ML QW grown on 4" off misoriented substrate lies slightly at higher energy than that related to the nominal growth. However, the blue shift, if it exists, does not exceed 1 meV. On an other hand, the blue shift between misoriented and nominal samples for the 6 and 8 ML quantum wells is about 8 and 4 meV respectively. Thus, a step effect on the elhhl energy is evidenced.
Conclusion
Indium segregation effects play a significant role on the energy levels of (In,Ga)AdGaAs QWs and have to be taken into account for the comparison of the experimental data with the calculations. The segregation energy deduced for an In concentration of 0.35 within the framework of a simple model is greater than that determined in the case of Ino.2Gag.sAs/GaAs QWs by other authors. The increase of the In segregation can be due to the increase of the strain. Concerning the optical properties of QWs grown on nominal and misoriented (4" and 6" off) substrate, it is shown that the misorientation reduces the spectral broadening of the luminescence lines, the reflectivity structures and the TDOA peaks. This suggests a better quality of interfaces and an improvement of the strain homogeneity. It can be deduced that 2D growth is kept for a wider QW thickness in the case of a growth on a misoriented surface. A step edge effect on the fundamental transition energy of the 6 and 8 ML quantum wells is in evidence but the blue shift observed for a growth on a 4" off misoriented surface can be also attributed to a modification of the growth mode.
